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Abstract
Background
Markers of lung inflammation measured directly in expectorated sputum have the potential
of improving the timing of antibiotic treatment in cystic fibrosis (CF). L-Lactate might be a
marker of inflammation, as it is produced from glucose by polymorphonuclear neutrophils
(PMNs) in CF lungs. We aimed to investigate changes in and associations between PMNs,
glucose and L-lactate in sputum during antibiotic treatment. In addition, the effect of hemo-
globin A1c and plasma glucose on these biomarkers were investigated.
Methods
We sampled non-induced sputum at day 0, 7, 14 and 42 in 27 chronically infected CF
patients electively treated with 14 days of intravenous antibiotic. To analyze sputum sam-
ples, we used flowcytometry to count PMNs and colorimetric assays to estimate lactate and
glucose.
Results
No changes in levels of PMNs, glucose and lactate were detected in sputum during the anti-
biotic treatment. Sputum PMNs were positively associated with both glucose (log coefficient
= 0.20, p = 0.01) and L-lactate (log coefficient = 0.34, p<0.001). In multivariate analyses,
hemoglobin A1c was negatively associated with sputum PMNs (log coefficient = -1.68,
p<0.001) and plasma glucose was negatively associated with sputum glucose (log coeffi-
cient = -0.09, p = 0.02).
Conclusions
In CF sputum PMNs, glucose and lactate were unchanged during elective antibiotic treat-
ment. However, sputum PMNs were associated with both sputum glucose and sputum
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lactate. Surprisingly, hyperglycemia seemed to be associated with less PMNs infiltration
and less glucose in CF sputum.
Introduction
Frequent intravenous antibiotic treatments extend the life expectancy of patients with cystic
fibrosis (CF) [1]. Intravenous antibiotics is used both for acute treatments of pulmonary exac-
erbations and for elective treatments to reduce chronic inflammation and lung function
decline [2]. Yet, assessing the effect of treatment is challenged as the available tools are defi-
cient. The most frequently used tool is spirometry [3, 4] despite its limited information on
lung inflammation. Therefore, measuring biomarkers directly in sputum might be a superior
approach for assessing lung inflammation.
Polymorphonuclear neutrophils (PMNs) are the predominant leukocytes in CF sputum
during stable conditions [5, 6] and they become more abundant during pulmonary exacerba-
tions [7, 8]. The endobronchial mucus of CF patients is hypoxic [9] and under anaerobic con-
ditions PMNs derive energy by degrading glucose to L-lactate [10], as L-lactate is the
predominant isotype produced by human cells [11].
A previous study in CF found higher sputum L-lactate during pulmonary exacerbations
compared to post treatment [12]. This could be explained by numerous metabolic active
PMNs during exacerbations. However, elevated levels of glucose in the lungs during exacerba-
tions, similar to what is seen in chronic obstructive lung disease [13], could also contribute to
increased L-lactate concentrations, as a result of extra energy substrate for the PMNs.
In a previous study, elevated levels of glucose were found in nasal airway surface liquid in
patients with dysregulated CF related diabetes (CFRD) [14]. The authors suggested that there
was a glucose spill over from plasma into the nasal airway liquids and that this might also
apply to the lower airways. Thus, more substrate is provided to bacteria and inflammatory
cells in the lungs, thereby potentially explaining the lung function decline related to CFRD
[15]. However, the effect of CFRD on inflammation in CF lungs remain undetermined.
The aim of this study was to investigate sputum levels of PMNs, glucose and L-lactate before
and after elective treatment with intravenous antibiotics in CF patients. Furthermore, we
sought to describe the associations between PMNs, glucose and L-lactate in CF lung inflamma-
tion and to describe the influence of hemoglobin A1c (HbA1c) and plasma glucose on these
potential biomarkers of inflammation.
Methods
Study design, setting and data collection
The study participants (� 18 years) were enrolled from the adult department at the Copenha-
gen CF Centre. We invited CF patients, who were chronically infected with gram-negative bac-
teria. As a standard of care in Denmark, chronically infected CF patients receive 14 days of
intravenous treatment electively every 3 months. Patients treated as both out- and inpatients
were invited to participate prior to a planned treatment. Gram-positive bacteria are not per-
ceived as causing chronic infection and is usually not treated with intravenous antibiotics in
Denmark. Thus, patients having only Staphylococcus aureus were therefore not included.
Moreover, only patients capable of expectorating sputum spontaneously were eligible for
inclusion, as tracheal suction material would be diluted and not useful for analyses.
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The study was approved by Regional Committee on Health Research Ethics (Region H: H-
16037693), and all enrolled patients signed a consent form. At the Copenhagen CF Centre,
data from all patients about previous health, lung function, blood samples and lung microbiol-
ogy are entered prospectively in a database where baseline data was extracted from.
Sputum samples
Sputum samples were collected at day 0 (beginning of intravenous treatment), day 14 (end of
intravenous treatment) and at day 42 (at the next routine consultation). If the patient was close
to or admitted to the hospital, a sputum sample was also collected at day 7. The sputum sam-
ples were brought to the laboratory and prepared <5 hours after sampling. Judged by experi-
enced laboratory staff, samples were excluded if they consisted solely of saliva; identified
according to their high clarity and fluidity as well as lack of purulence. Furthermore, to avoid
saliva in the samples, the most viscous and yellow/green expectorated sputum was collected in
a syringe (303172; BD Bioscience) before diluting 0.2 ml sputum in 10 ml phosphate buffered
saline (PBS), pH = 7.4 (Substrate Department, Panum Institute, Copenhagen, Denmark). The
sputum samples were then resuspended by gentle pipetting. However, the material was not
drained to eliminate traces of saliva.
Neutrophil count
The concentration of neutrophils in sputum samples was determined by adding 100 μL diluted
sputum to a TrueCount tube (BD 340334; Becton Dickinson). In addition, 5 μL of each of the
following mouse anti-human monoclonal antibodies (BD Bioscience) were added to the sam-
ples: peridinin chlorophyll A protein-labelled CD14 PerCP (BD345786), FITC-labelled CD15
(BD5554019), and allophyocyanin (APC)-labelled CD45 (BD555485) (Bioscience, La Jolla,
CA, USA). The samples were incubated for 30 min and fixated with 1 mL 1Xfluorescence acti-
vated cell sorter (FACS) lysis solution (BD349202) (Bioscience). Subsequently, the samples
were stored overnight in the dark at 5˚C before analysis by flow cytometry using a FACSCanto
(Bioscience) equipped with a 15 mV argon-ion laser tuned at 488 nm, and a red diode laser
emitting at 635 nm for excitation. Light-scatter and exponentially amplified fluorescence
parameters from at least 10 000 events were recorded in list mode. Leukocytes were discrimi-
nated by gating on CD45 and the PMNs were discriminated by gating on CD14 and CD15.
The instrument was calibrated using Calibrite beads (BD 349502, Bioscience) (S1 Fig).
The neutrophils were counted by flowcytometry as previously described [16] within 14 days.
L-lactate and glucose measurements
L-lactate and glucose in sputum were assessed in duplicates using colorimetric assays accord-
ing to the manufacturer’s instructions (Lactate Assay Kit (Sigma-Aldrich, Missouri, USA, #
MAK064-1KT) and Glucose (GO) Assay Kit (Sigma-Aldrich, Missouri, USA, #GAGO20)).
For L-lactate estimation, the standard curve solutions and 50 μL of sample suspension was
mixed with 50 μL of Master Reaction Mix containing 4% Enzyme mix, 4% probe and 92%
buffer. After 30 minutes incubation the fluorometric intensity was measured at 570 nm and
concentrations were estimated by comparing sample absorbance with the standard curve
absorbance. Lactate dehydrogenase was not removed from the samples.
For the glucose assessment we had to reduce sample volumes as well as kit substances to
one tenth compared to the manufacturer’s instructions, as our samples were of small volumes.
Standard curve solutions and 100 μL of sample suspension were all added 200 μL of assay
reagent containing glucose oxidase and peroxidase and after 30 minutes the reaction was
stopped by adding 200 μL of N 12 H2SO2. Concentrations were estimated by comparing
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sample absorbance with the standard curve absorbance at 540 nm. Spiked samples were not
included in neither of the analyses.
Lung capacity
Spirometry was conducted as a part of our routine procedures at day 0, day 14 and day 42. We
used the JAEGER MasterScope PC (CareFusion, Hoechberg, Germany) for measurements in
accordance with the ATS/ERS guidelines. Forced expiratory volume in 1 second percentage
predicted (FEV1%) was obtained using the reference material provided by Global Lung Func-
tion Initiative (GLI) [17].
HbA1c and plasma glucose
HbA1c was assessed at day 0 using a G8 HPLC Analyzer (Tosoh). HbA1c reflects a non-enzy-
matic glycosylation of hemoglobin during the last 120 days and only minor variation in
HbA1c is likely to occur during a 42 days period in patients without changes in diabetes treat-
ment or lifestyle [18]. Thus, only baseline HbA1c was used in the linear mixed models. Solely
the first 10 patients enrolled had plasma glucose measured at every visit. Plasma glucose was
derived from venous blood analyzed in a blood gas analyzer (ABL90 FLEX by Radiometer).
Statistics
For the sample size calculation, we used previous data on levels of lactate in exacerbation and
post-exacerbation sputum samples from CF patients with the mean (±SD) being 3.4 (± 2.3)
and 1.4 (± 1.4) mmol/L, respectively [12]. Furthermore, we chose a power of 90% and a signifi-
cance level at 5%. Based on this we needed 20 patients for our study. However, as our study
patients were not having exacerbation, we anticipated a lower reduction in sputum lactate lev-
els between day 0 and 14, and therefore we enrolled 7 additional patients during the 5-month
data collection period.
We conducted data analyses in Stata 12. Right-skewed outcomes were logarithm trans-
formed. Model checking was carried out using residual and Q-Q plots.
We used linear mixed models, which utilize all available data, to estimate time differences
in biomarkers and associations between the biomarkers (sputum PMNs, sputum glucose, spu-
tum L-lactate as well as HbA1c and plasma glucose). Furthermore, a linear mixed model
including both sputum PMNs and sputum glucose was fitted to estimate the adjusted associa-
tions between these biomarkers and L-lactate. Similarly, we fitted linear mixed models includ-
ing both HbA1c and plasma glucose for each sputum biomarker.
In the linear mixed models a random effect was assigned to each participant, as each partici-
pant contributed non-independent data from repeated samples. Day of sampling was also
assigned a random effect in the models of biomarker correlation. We used the significance
level of 0.05. Robust standard error was used in the linear mixed models to eliminate bias by
heteroscedastic data and missing data was random in all variables.
Results
Baseline characteristics
We included 27 participants with CF from whom we had samples from day 0 and 14, with the
exception of one patient who was unable to expectorate at day 14. Fourteen participants deliv-
ered sputum at day 7, and 11 participants delivered sputum at day 42. The total number of
observations, missing values and extreme values are listed in the supplementary material (S1
Table). Twenty-four (88.9%) participants were chronically infected with Pseudomonas
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aeruginosa, 2 (7.4%) participants with Burkholderia multivorans and 1 (3.7%) participants with
Achromobacter xylosoxidans. In total, 16 (59.3%) of the participants had a bacteria species sen-
sitive to a least one of the chosen antibiotics, 3 (11.1%) had an intermediate sensitive species
and 8 (29.6%) had a species resistant to the chosen antibiotics (Table 1).
At baseline (day 0), the median FEV1% was 47.8% (range: 23.9% - 96.7%), which increased
to 52.3% (range: 23.2% to 92.8%) after 14 days of treatment. Using linear mixed models, the
FEV1% was unchanged between day 0 and day 14 (p = 0.3). Including all samples, the median
level of sputum PMNs was 6.2 million/mL (range: 0.3–271), sputum glucose was 1.2 mmol/L
(range: 0.5–32.7) and sputum L-lactate was 5.3 mmol/L (range: 0.2–69.7). Between day 0 and
14 of the antibiotic treatment there was a non-significant decline in sputum PMNs (median:
11.2 vs. 6.6 millions/mL, p = 0.3) (Fig 1B), in sputum glucose (median: 1.5 vs. 1.3 mmol/L,
p = 0.9) (Fig 1C), and in sputum L-lactate (median: 6.1 vs. 4.7 mmol/L, p = 0.7) (Fig 1D).
There was no association between the change in FEV1% and the change in PMNs from day 0
to day 14 (coefficient = -1.9, p = 0.5) (S3 Fig).
Associations between PMNs, glucose and L-lactate in sputum
Using linear mixed models on transformed and pooled data from all sampling days, we found
a positive association in sputum samples between PMNs and glucose (coefficient = 0.20,
p = 0.01) (Fig 2A), between glucose and L-lactate (coefficient = 0.54, p<0.001) (Fig 2B), and
between PMNs and L-lactate (coefficient = 0.34, p<0.001) (Fig 2C). When both PMNs and
glucose were included in a multivariate analysis with sputum L-lactate the magnitude of both
coefficients decreased but remained significant (coefficient for PMNs = 0.24, p = 0.014 and
glucose = 0.43, p = 0.007).
Associations between HbA1c, plasma glucose and sputum biomarkers
In univariate linear mixed models on transformed and pooled data from all sampling days,
baseline HbA1c (coefficient = -0.63, p = 0.14) (Fig 3A) was not associated with sputum glucose,
Table 1. Baseline characteristics in the CF study population.
Characteristics
Participants, n (%) 27 (100%)
Age, median (range) 39 (20–66)
Male, n (%) 18 (66.7%)
Pathogen of chronic infection, n (%)
Pseudomonas aeruginosa 24 (88.9%)
Burholderia multivorans 2 (7.4%)
Achromobacter xylosoxidans 1 (3.7%)
Sensitivity to antibiotic treatment during the study, n (%)
Sensitive 16 (59.3%)
Intermediate 3 (11.1%)
Resistant 8 (29.6%)
Glucose tolerance†, n (%)
Normal 7 (25.9%)
Impaired 6 (22.2%)
Pathological (CFRD) 14 (51.9%)
† Glucose tolerance is based on 2-hour plasma glucose (mmol/L) in an oral glucose tolerance test: Normal <7.8,
impaired�7.8 and <11.1 and pathological �11.1. CFRD, cystic fibrosis related diabetes.
https://doi.org/10.1371/journal.pone.0238524.t001
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but plasma glucose was negatively associated with sputum glucose (coefficient = -0.07, p = 0.049)
(Fig 3D). After including both factors in a multivariate model the effect of plasma glucose on spu-
tum glucose was unchanged (coefficient = -0.09, p = 0.018) (Table 2). Sputum L-lactate was
Fig 1. Lung function and sputum biomarkers during and after intravenous antibiotic treatment in CF patients. A)
FEV1% (n = 26; 1; 25; 10) B) sputum PMNs (n (extreme values) = 26 (1); 13(1); 22(1); 9) C) sputum glucose (n(extreme
values) = 27(4), 14(1), 26(3), 11(1)) and D) sputum L-lactate levels (n(extreme values) = 27(1), 14(1), 26(1), 11) during
and after 14 days of intravenous treatment. Extreme values outside the outer fences (lower: Q1–3 IQR and upper: Q3
+ 3 IQR) were not depicted. However, they were includeded in the S2 Fig and in the linear mixed models, which
showed no significant difference between day 0 and 14 for FEV1% and log transformed measurments of PMNs,
glucose and L-lactate in sputum. FEV1%, forced expiratory volume in 1 second percentage predicted. PMNs,
polymorphonuclear neutrophils.
https://doi.org/10.1371/journal.pone.0238524.g001
Fig 2. Associations between PMNs, glucose and L-lactate in sputum from CF patients. Associations between A)
sputum PMNs and sputum glucose (n = 70), B) sputum glucose and sputum L-lactate (n = 78), C) sputum PMNs and
sputum L-lactate (n = 70). Coefficients and lines are derived from linear mixed models accounting for non-
independent data points. PMNs, polymorphonuclear neutrophils.
https://doi.org/10.1371/journal.pone.0238524.g002
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neither associated with HbA1c at baseline (Fig 3B) nor plasma glucose at sampling (Fig 3E). How-
ever, we found a significant negative association between baseline HbA1c and sputum PMNs in
the univariate analysis (coefficient = -1.57, p = 0.009) (Fig 3C), which remained significant in the
multivariate analysis (coefficient = -1.68, p<0.001) (Table 2). No significant association could be
detected between plasma glucose and sputum PMNs (Fig 3F and Table 2).
To visualize our findings, we have outlined the observed associations in an overall research
model (S4 Fig).
Sensitivity analyses
The antibiotic sensitivity to the chosen treatment did not significantly alter the changes in bio-
markers from day 0 to day 14. There was also no association between plasma PMNs and spu-
tum PMNs (coefficient = 0.1, p = 0.2) as well as no association between plasma PMNs and
sputum glucose (coefficient = 0.2, p = 0.5) and sputum L-lactate (coefficient = 0.3, p = 0.4).
The linear correlation between baseline sputum glucose and the change in both FEV1% and
sputum PMNs between day 0 vs. day 14 were also investigated, but no significant association
was found (coefficient = 0.58, p = 0.6 and coefficient = -12.1, p = 0.1, respectively).
The significant association between baseline HbA1c and PMNs did not change after adjust-
ing for age (coefficient = -2.24, p<0.001).
Fig 3. Hemoglobin A1c and plasma glucose compared to PMNs, glucose and L-lactate in sputum from CF
patients. Associations between baseline (day 0) HbA1c and levels of A) sputum glucose (n = 75), B) sputum L-lactate
(n = 75) and C) sputum PMNs (n = 68). Associations between plasma glucose and concurrent levels of D) sputum
glucose (n = 31), E) sputum L-lactate (n = 31) and F) sputum PMNs (n = 25). Coefficients and lines are derived from
linear mixed models accounting for non-independent data points sampled on different days during and after 14 days
of intravenous antibiotic treatment. HbA1c, Hemoglobin A1c. PMNs, polymorphonuclear neutrophils.
https://doi.org/10.1371/journal.pone.0238524.g003
Table 2. Multivariate linear regressions with hemoglobin A1c and plasma glucose vs. different sputum biomarkers in CF patients.
Multivariate
Sputum glucose Sputum lactate Sputum PMNs
Coefficient (95%-CI) P-value Coefficient (95%-CI) P-value Coefficient (95%-CI) P-value
HbA1c 0.49 (-0.08–1.06) 0.09 0.34 (-0.84–1.52) 0.6 -1.68 (-2.28 - -1.08) <0.001�
Plasma glucose -0.09 (-0.1.6 - -0.02) 0.018� 0.01 (-0.06–0.07) 0.82 -0.05 (-1.19–0.09) 0.5
Data is computed in linear mixed models. By assigning a random effect for each individual the results were adjusted for non-independent data from repeated samples.
Standard errors were estimated as robust.
� Significant at p<0.05. HbA1c, hemoglobin A1c.
https://doi.org/10.1371/journal.pone.0238524.t002
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Discussion
Among adult CF patients who received a 14 days course of elective intravenous antibiotic
treatment, we found that PMNs, glucose and L-lactate in sputum as well as FEV1% remained
unchanged. Independent of sampling time, sputum PMNs were positively associated with glu-
cose and L-lactate in sputum. There was also a positive association between sputum glucose
and sputum L-lactate, after adjusting for sputum PMNs. In the adjusted analysis, plasma glu-
cose was negatively associated with sputum glucose, meanwhile HbA1c was negatively associ-
ated with sputum PMNs.
To our knowledge no previous study has been published on PMNs, glucose or L-lactate in
sputum during elective intravenous antibiotic treatment in CF adults. In contrast to our study,
a study including 9 stable CF children with recent P. aeruginosa colonization found a 74%
decline in PMNs density from pre- to post- systemic treatment [19]. However, our patients are
likely to differ from children since they are chronically infected and thus might be less respon-
sive to treatment. Correspondingly, Downey et al. described results resembling ours, as adult
CF patients systemically treated for a pulmonary exacerbation only had a non-significant
decline in PMNs [7].
The positive association between PMNs and L-lactate in our study is also found in a CF
study with patients having pulmonary exacerbation [20] and previous CF studies have found
FEV1% to be negatively associated to both PMNs [21] and L-lactate [12]. The association in
this study indicates that PMNs is a key producer of L-lactate in CF lungs. Moreover, we specu-
lated that during stable periods metabolic inactive PMNs predominates in CF lungs compared
to periods of exacerbation. This might explain the insignificant change in pre- and post-treat-
ment levels of sputum biomarkers in the current study.
Furthermore, our results showed an association between glucose and L-lactate in sputum.
It has previously been shown that hyperglycemia elevate lactate efflux from epithelial cells in
the CF airway [22]. Hence, high glucose content in CF airway might stimulate production of
L-lactate by PMNs in a similar way. However, it could be speculated that the associations seen
in this study are simply due to inflammation-related confounding if sputum PMNs, glucose
and L-lactate are all independent biomarkers that are elevated because of lung inflammation.
CFRD studies by Brennan et al. have indicated that during hyperglycemia plasma glucose
spill over into the airway liquids [14, 23]. This contrasts with our study showing that plasma
glucose was negatively associated with sputum glucose. Comparable to our study, Sambeek
et al. showed that high sputum glucose was more frequent among patients with a normal glu-
cose tolerance compared to patients with CFRD. Sambeek et al. also reported concentrations
of sputum glucose higher than 30 mmol/L [24] similar to our study. Thus, in some cases spu-
tum glucose concentrations exceeded the concentration of glucose in plasma, suggesting that
glucose is not solely allocated into sputum by simple diffusion. A non-CF study on pneumonia
and bronchiectasis using positron-emission tomography (PET) scans and γ-scintigraphies
found that glucose uptake by PMNs takes place post- lung migration in pneumonia. However,
this did not apply to bronchiectasis [25], with more similarities to CF disease. Likewise,
another study using PET found glucose uptake to be normal in CF lungs and there was no
association between levels of sputum PMNs and glucose uptake [26]. Hence, there was no evi-
dence of PMNs inducing influx of glucose in the lungs. Therefore, we have reasons to believe
that high sputum glucose in our study is due to carriage by migrating PMNs, and that some of
the sputum glucose in our study originate from the intracellular contents of PMNs. Insulin is
in vitro shown to upregulate glucose transporters in PMNs [27]. Moreover, insulin also
increase the adhesion and hence migration of PMNs to the site of infection through upregula-
tion of ICAM-1 in endothelium cells [28]. We therefore speculate, that high insulin levels
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contribute to high concentrations of glucose containing PMNs in the lungs, which could
explain the association between low plasma glucose and high sputum glucose seen in our
study.
Non-enzymatic glycosylated proteins, similar to HbA1c, have been shown to inhibit the
PMNs membrane fluidity possibly leading to reduced mobilization of the adhesion proteins
[29]. Thus, reduced adhesion and migration proteins on both the PMNs and endothelium cells
in diabetic patients could contribute to the negative association between HbA1c and sputum
PMNs seen in our study.
Other studies have suggested that non-enzymatic glycosylated products cause increased
cytoplasmic calcium levels potentially leading to dysfunction in the PMNs [30] and high
plasma glucose levels might inhibit PMNs function by inhibiting the oxidative burst of these
cells [31]. Hence, in the lungs of CF diabetic patients PMN activity might be reduced, poten-
tially resulting in a higher incidence of exacerbation due to an advantageous milieu for the bac-
teria [32].
Our study was conducted in a relatively homogenous study population, with almost all
patients being stable and chronically infected with P. aeruginosa. Thus, we expect limited bias
due to different bacterial colonization and unstable lung inflammation.
However, a limitation in this study was the risk of sputum dilution by saliva during the oral
passage. If this dilution varies much among the samples, this could affect the associations
between systemic biomarkers and biomarkers found in sputum. However, we have selected
only the thick colored mucus from our samples shortly after collection to limit bias from dilu-
tion. To further avoid dilution, we chose not to include tracheal suction and bronchoalveolar
lavage, as such procedures use indeterminate quantities of saline.
We wanted to be able to compare our data to our previous results, why according to routine
laboratory procedure, dehydrogenase was not removed before investigating L-lactate concen-
trations in sputum. Lactate dehydrogenase converts L-lactate to pyruvate and it is linearly cor-
related to L-lactate in sputum [12], why we may have underestimated L-lactate concentrations.
To further assess the effect of the antibiotic treatment, it would have been relevant to count
bacteria load before and after treatment, as a supplementation to the change in FEV1%. How-
ever, this was not done since it is not routine in CF treatment monitoring.
In conclusion, our study shows that sputum glucose and sputum L-lactate are associated
with PMNs in sputum. However, neither of these biomarkers changed significantly during
elective intravenous antibiotic treatment, although all three markers declined. Furthermore,
hyperglycemia seems to be associated with lower sputum PMNs, which could affect the CF
lung function negatively. Since a relative insulin deficiency in CF might be a risk factor for dys-
functional PMNs, further studies on the effect of insulin therapy on sputum PMNs, glucose
and L-lactate are wanted in CF.
Supporting information
S1 Fig. Strategy for identifying neutrophils in sputum by flow cytometry. Gate for exclusion
of debris of events recorded according to staining of CD45 (A). Gate for selection of single
cells (B). Gate for identification of neutrophils according to high staining for CD15 (FL1-A)
and low staining for CD14 (FL3-A) (C).
(TIF)
S2 Fig. Lung function and sputum biomarkers during and after intravenous antibiotic
treatment in CF patients. A) FEV1% (n = 26; 1; 25; 10) B) sputum PMNs (n = 26; 13; 22; 9) C)
sputum glucose (n = 27, 14, 26, 11) and D) sputum L-lactate levels (n = 27, 14, 26, 11) during
and after 14 days of intravenous treatment. All extreme values are included in the plot by using
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a logarithmic y-axis.
(TIF)
S3 Fig. Difference in FEV1% from day 0 to day 14 compared to the concurrent decline in
PMNs.
(TIF)
S4 Fig. Research model based on correlation coefficients. Straight arrows represent path
between factors. +) is a positive association and -) is a negative association.
(TIF)
S1 Table. Summary of data. n, total number of complete observations. Missing, total number
of missing observations. Extreme values, determined by outer fences: (Q1–3 IQR) and (Q3 + 3
IQR).
(DOCX)
S1 File. Data.
(XLS)
Acknowledgments
We would like to thank Lone Grotenborg, Doris Thomsen, Liv Jenny Boen Soria, and Jesper
Mogens Hansen for their contribution to the data collection.
Author Contributions
Conceptualization: Bibi Uhre Nielsen, Mette Kolpen, Peter Østrup Jensen, Terese Katzen-
stein, Tacjana Pressler, Inger Hee Mabuza Mathiesen, Daniel Faurholt-Jepsen.
Data curation: Bibi Uhre Nielsen, Tacjana Pressler.
Formal analysis: Bibi Uhre Nielsen, Christian Ritz, Inger Hee Mabuza Mathiesen, Daniel
Faurholt-Jepsen.
Investigation: Bibi Uhre Nielsen.
Methodology: Mette Kolpen, Peter Østrup Jensen, Daniel Faurholt-Jepsen.
Project administration: Bibi Uhre Nielsen.
Supervision: Mette Kolpen, Peter Østrup Jensen, Terese Katzenstein, Inger Hee Mabuza
Mathiesen, Daniel Faurholt-Jepsen.
Writing – original draft: Bibi Uhre Nielsen.
Writing – review & editing: Mette Kolpen, Peter Østrup Jensen, Terese Katzenstein, Tacjana
Pressler, Christian Ritz, Inger Hee Mabuza Mathiesen, Daniel Faurholt-Jepsen.
References
1. SZAFF M, HØIBY N, FLENSBORG EW. FREQUENT ANTIBIOTIC THERAPY IMPROVES SURVIVAL
OF CYSTIC FIBROSIS PATIENTS WITH CHRONIC PSEUDOMONAS AERUGINOSA INFECTION.
Acta Pædiatrica 1983; 72:651–7. https://doi.org/10.1111/j.1651-2227.1983.tb09789.x
2. Doring G, Conway SP, Heijerman HGM, Hodson ME, Hoiby N, Smyth A, et al. Antibiotic therapy against
Pseudomonas aeruginosa in cystic fibrosis: A European consensus. Eur Respir J 2000; 16:749–67.
https://doi.org/10.1034/j.1399-3003.2000.16d30.x
3. Bhatt JM. Treatment of pulmonary exacerbations in cystic fibrosis. Eur Respir Rev 2013; 22:205–16.
https://doi.org/10.1183/09059180.00006512
PLOS ONE Neutrophils predict glucose and lactate in CF sputum
PLOS ONE | https://doi.org/10.1371/journal.pone.0238524 September 11, 2020 10 / 12
4. Stephen MJ, Long A, Bonsall C, Hoag JB, Shah S, Bisberg D, et al. Daily spirometry in an acute exacer-
bation of adult cystic fibrosis patients. Chron Respir Dis 2018; 15:258–64. https://doi.org/10.1177/
1479972317743756
5. Konstan MW, Hilliard KA, Norvell TM, Berger M. Bronchoalveolar lavage findings in cystic fibrosis
patients with stable, clinically mild lung disease suggest ongoing infection and inflammation. Am J
Respir Crit Care Med 1994; 150:448–54. https://doi.org/10.1164/ajrccm.150.2.8049828
6. Sagel SD, Chmiel JF, Konstan MW. Sputum Biomarkers of Inflammation in Cystic Fibrosis Lung Dis-
ease. Proc Am Thorac Soc 2007; 4:406–17. https://doi.org/10.1513/pats.200703-044br
7. Downey DG, Brockbank S, Martin SL, Ennis M, Elborn JS. The effect of treatment of cystic fibrosis pul-
monary exacerbations on airways and systemic inflammation. Pediatr Pulmonol 2007; 42:729–35.
https://doi.org/10.1002/ppul.20646
8. Ratjen F, Waters V, Klingel M, McDonald N, Dell S, Leahy TR, et al. Changes in airway inflammation
during pulmonary exacerbations in patients with cystic fibrosis and primary ciliary dyskinesia. Eur Respir
J 2016; 47:829–36. https://doi.org/10.1183/13993003.01390–2015
9. Worlitzsch D, Tarran R, Ulrich M, Schwab U, Cekici A, Meyer KC, et al. Effects of reduced mucus oxy-
gen concentration in airway Pseudomonas infections of cystic fibrosis patients. J Clin Invest 2002;
109:317–25. https://doi.org/10.1172/JCI0213870
10. Borregaard N, Herlin T. Energy metabolism of human neutrophils during phagocytosis. J Clin Invest
1982; 70:550–7. https://doi.org/10.1172/JCI110647
11. Higgins C. L-lactate and D-lactate -clinical significance of the difference. Acute Care TestingOrg
2011:1–6.
12. Bensel T, Stotz M, Borneff-Lipp M, Wollschla¨ger B, Wienke A, Taccetti G, et al. Lactate in cystic fibrosis
sputum. J Cyst Fibros 2011; 10:37–44. https://doi.org/10.1016/j.jcf.2010.09.004
13. Mallia P, Webber J, Gill SK, Trujillo-Torralbo MB, Calderazzo MA, Finney L, et al. Role of airway glucose
in bacterial infections in patients with chronic obstructive pulmonary disease. J Allergy Clin Immunol
2018; 142:815–823.e6. https://doi.org/10.1016/j.jaci.2017.10.017
14. Brennan AL, Gyi KM, Wood DM, Johnson J, Holliman R, Baines DL, et al. Airway glucose concentra-
tions and effect on growth of respiratory pathogens in cystic fibrosis. J Cyst Fibros 2007; 6:101–9.
https://doi.org/10.1016/j.jcf.2006.03.009
15. Terliesner N, Vogel M, Steighardt A, Gausche R, Henn C, Hentschel J, et al. Cystic-fibrosis related-dia-
betes (CFRD) is preceded by and associated with growth failure and deteriorating lung function. J
Pediatr Endocrinol Metab 2017; 30:815–21. https://doi.org/10.1515/jpem-2017-0005
16. Fredman G, Kolpen M, Hertz FB, Petersen PT, Jensen AV, Baunbæk-Egelund G, et al. The inflamed
sputum in lower respiratory tract infection: l-lactate levels are correlated to neutrophil accumulation.
APMIS 2019; 127:72–9. https://doi.org/10.1111/apm.12913
17. Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-ethnic reference values for
spirometry for the 3-95-yr age range: The global lung function 2012 equations. Eur Respir J 2012;
40:1324–43. https://doi.org/10.1183/09031936.00080312
18. Ohde S, Deshpande GA, Yokomichi H, Takahashi O. HbA1c monitoring interval in patients on treatment
for stable type 2 diabetes. A ten-year retrospective, open cohort study. Diabetes Res Clin Pract 2017;
135:166–71. https://doi.org/10.1016/j.diabres.2017.11.013
19. Noah TL, Ivins SS, Abode KA, Stewart PW, Michelson PH, Harris WT, et al. Inhaled versus systemic
antibiotics and airway inflammation in children with cystic fibrosis and Pseudomonas. Pediatr Pulmonol
2010; 45:281–90. https://doi.org/10.1002/ppul.21176
20. C Meyer K, Amessoudji A, Hollatz T, HS Tsao F. Lactic acid concentrations in bronchoalveolar lavage
fluid correlate with neutrophil influx in cystic fibrosis. Arch Biomed Clin Res 2019; 1:1–4. https://doi.org/
10.15761/abcr.1000101
21. Sagel SD, Sontag MK, Wagener JS, Kapsner RK, Osberg I, Accurso FJ. Induced sputum inflammatory
measures correlate with lung function in children with cystic fibrosis. J Pediatr 2002; 141:811–7. https://
doi.org/10.1067/mpd.2002.129847
22. Garnett JP, Kalsi KK, Sobotta M, Bearham J, Carr G, Powell J, et al. Hyperglycaemia and Pseudomo-
nas aeruginosa acidify cystic fibrosis airway surface liquid by elevating epithelial monocarboxylate
transporter 2 dependent lactate-H + secretion. Sci Rep 2016; 6:1–13. https://doi.org/10.1038/
srep37955
23. WOOD DM, BRENNAN AL, PHILIPS BJ, BAKER EH. Effect of hyperglycaemia on glucose concentra-
tion of human nasal secretions. Clin Sci 2004; 106:527–33. https://doi.org/10.1042/cs20030333
24. Van Sambeek L, Cowley ES, Newman DK, Kato R. Sputum glucose and glycemic control in cystic fibro-
sis-related diabetes: a cross-sectional study. PLoS One 2015; 10:e0119938. https://doi.org/10.1371/
journal.pone.0119938
PLOS ONE Neutrophils predict glucose and lactate in CF sputum
PLOS ONE | https://doi.org/10.1371/journal.pone.0238524 September 11, 2020 11 / 12
25. Dissociation of neutrophil emigration and metabolic activity in lobar pneumonia and bronchiectasis. Eur
Respir J 1997; 10:795–803. https://doi.org/10.1183/09031936.97.10040795
26. Labiris NR, Nahmias C, Freitag AP, Thompson ML, Dolovich MB. Uptake of 18fluorodeoxyglucose in
the cystic fibrosis lung: A measure of lung inflammation? Eur Respir J 2003; 21:848–54. https://doi.org/
10.1183/09031936.03.00065102
27. Maratou E, Dimitriadis G, Kollias A, Boutati E, Lambadiari V, Mitrou P, et al. Glucose transporter expres-
sion on the plasma membrane of resting and activated white blood cells. Eur J Clin Invest 2007;
37:282–90. https://doi.org/10.1111/j.1365-2362.2007.01786.x
28. Anjos-Valotta EA, Martins JO, Oliveira MA, Casolari DA, Britto LRG, Tostes RC, et al. Inhibition of
tumor necrosis factor-alpha-induced intercellular adhesion molecule-1 expression in diabetic rats: role
of insulin. Inflamm Res 2006; 55:16–22. https://doi.org/10.1007/s00011-005-0003-7
29. Masuda M, Murakami T, Egawa H, Murata K. Decreased Fluidity of Polymorphonuclear Leukocyte
Membrane in Streptozocin-Induced Diabetic Rats. Diabetes 1990; 39:466 LP-470. https://doi.org/10.
2337/diab.39.4.466
30. Collison KS, Parhar RS, Saleh SS, Meyer BF, Kwaasi AA, Hammami MM, et al. RAGE-mediated neu-
trophil dysfunction is evoked by advanced glycation end products (AGEs). J Leukoc Biol 2002; 71:433–
44.
31. Nielson CP, Hindson DA. Inhibition of polymorphonuclear leukocyte respiratory burst by elevated glu-
cose concentrations in vitro. Diabetes 1989; 38:1031–5. https://doi.org/10.2337/diab.38.8.1031
32. Konstan MW, Do¨ring G, Heltshe SL, Lands LC, Hilliard KA, Koker P, et al. A randomized double blind,
placebo controlled phase 2 trial of BIIL 284 BS (an LTB4 receptor antagonist) for the treatment of lung
disease in children and adults with cystic fibrosis. J Cyst Fibros 2014; 13:148–55. https://doi.org/10.
1016/j.jcf.2013.12.009
PLOS ONE Neutrophils predict glucose and lactate in CF sputum
PLOS ONE | https://doi.org/10.1371/journal.pone.0238524 September 11, 2020 12 / 12
